• A genetic risk profile integrating a-thalassemia and BCL11A status improves associations with hemolytic markers and stroke history.
Introduction
Sickle cell anemia (SCA) is an inherited red blood cell disorder that affects ;25 million people worldwide. 1 This monogenic disease is caused by a single-base point mutation in the b-globin chain that results in a glutamic acid to valine substitution and leads to vaso-occlusion and chronic hemolysis. There are protean acute and chronic complications in SCA, and downstream genetic modifiers may influence the phenotype of this disease.
Complex diseases and disease-related complications may result from the joint effects of multiple genetic factors, and combining these genetic factors into a risk profile may strengthen the predictive value compared with the individual factors alone. By using common variants with strong effects, genetic risk profiles have been developed for age-related macular degeneration and for hypertriglyceridemia. 2, 3 Coinheritance of a-thalassemia is observed in approximately one-third of SCA patients and is associated with reduced hemolysis and protection against some SCA-related complications. 4, 5 The BCL11A rs1427407 T variant (minor allele frequency: 0.25) is also commonly observed in patients with SCA and may modify disease severity by increasing fetal hemoglobin (HbF) levels. 6 We conducted a study to determine if a genetic risk profile based on the coinheritance of a-thalassemia and the BCL11A rs1427407 variants influences laboratory and clinical variables in a cohort of SCA patients treated at the University of Ibadan and repeated our analyses in the University of Illinois at Chicago (UIC) and in the multicenter Walk-Treatment of Pulmonary Hypertension and Sickle Cell Disease with Sildenafil Therapy study (Walk-PHaSST) cohorts. We hypothesized that a genetic risk profile would provide additional value in identifying SCA patients at higher risk for clinical complications than the individual genetic components.
Methods
The protocol was approved by the institutional review board of the respective institutions before initiating the study and all subjects provided written informed consent prior to blood sample and data collection. Between 2012 and 2015, 249 patients from the University of Ibadan with SCA (defined as HbSS or HbSb 0 -thalassemia) were recruited and genotyped. Clinical and laboratory data were collected by the medical health professionals and by chart review. HbF levels were only available by high-pressure liquid chromatography in 25 SCA patients who were enrolled in a lowdose hydroxyurea study (NCT02149537) at the University of Ibadan and were used to determine the association between the HbF levels and the BCL11A rs1427407 T variant. Replication analyses were conducted in 260 SCA patients from the UIC recruited between August 2010 and March 2016 and in 387 SCA patients from the Walk-PHaSST cohort, which represents 1 UK and 9 US centers, recruited between February 2008 and June 2009. The UIC was a participating site for Walk-PHaSST, and patients from UIC were excluded from this cohort.
The Taqman genotyping assay (Applied BioSystems, Foster City, CA) was used for genotyping the BCL11A rs1427407 polymorphism in the University of Ibadan and UIC subjects by using 10 ng of genomic DNA according to the manufacturer's instructions in a Bio-Rad CFX 384 Real-Time System with a C1000 Thermal Cycler. The genotyping calls were analyzed by using Bio-Rad CFX Manager version 3.1. In the Walk-PHaSST cohort, genotypes for the BCL11A rs1427407 variant were determined by imputation as previously described. 7 Multiplex polymerase chain reaction (PCR) reactions on 100 to 200 ng of genomic DNA were used to detect a-thalassemia status by using methods previously described in the University of Ibadan and UIC cohorts. 8 To avoid primer dimers, only primers for the HBA2 gene, a-3.7K deletion, and a-4.2K deletion were used in the PCR reaction. Genotyping for BCL11A and a-thalassemia status for the University of Ibadan and UIC subjects was performed centrally at UIC. In the Walk-PHaSST cohort, the a-3.7K deletion and a-4.2K deletion were determined by a multiplex PCR reaction assay 9 performed at the University of Pittsburgh. A genetic risk profile was defined a priori as follows: high risk 5 absence of both a-thalassemia and the BCL11A rs1427407 T allele; and standard risk 5 inheritance of a-thalassemia and/or the BCL11A rs1427407 T allele.
Comparisons according to genotype or risk profile in the individual cohorts were performed by using the Kruskall-Wallis test for continuous variables and x 2 analysis for categorical variables. In a combined analysis of the 3 cohorts, we tested the associations of the genetic risk profile with continuous and categorical variables Values are expressed as medians and IQRs. 
Results

University of Ibadan
In the University of Ibadan cohort, the median age was 19 years (IQR, 15-24 years), 53% were male, and 7 (3%) were on hydroxyurea therapy. Coinheritance of a-thalassemia was observed in 42.5% of patients (a-/aa: 33.3%, a-/a-: 9.2%) and was associated with a lower white blood cell (WBC) count (Table 1 ). The BCL11A rs1427407 T variant was observed in 46.6% of patients (G/T: 41.4%, T/T: 5.2%) and was associated with a trend for higher hemoglobin concentration (Table 1 ). The BCL11A rs1427407 T variant correlated with a higher HbF level by high-pressure liquid chromatography in the subset of patients enrolled in the low-dose hydroxyurea study at baseline (G/G: 4.1 6 1.1%, G/T: 5.8 6 1.1%, T/T: 7.1 6 3.1%) and after 10 mg/kg of hydroxyurea therapy (G/G: 7.2 6 1.7%, G/T: 10.1 6 1.6%, T/T: 19.0 6 4.8%) (repeated measures P 5 .01). Trends for a higher prevalence of vaso-occlusive crises (VOCs) $3 per year were observed in SCA patients who did not inherit a-thalassemia or the BCL11A rs1427407 T variant. Similarly, prevalence of stroke history was higher in SCA patients who did not inherit a-thalassemia or the BCL11A rs1427407 T variant, although the associations were not statistically significant (Table 1) .
Using a genetic risk profile integrating a-thalassemia and BCL11A rs1427407 variant status, high risk (no a-thalassemia and no BCL11A rs1427407 T allele) was observed in 31.3% (78 of 249) whereas standard risk (either a-thalassemia and/or the BCL11A rs1427407 T allele) was observed in 68. 249) of SCA patients from the University of Ibadan cohort. This risk profile was associated with trends for higher reticulocyte percentage and increased risk for VOCs $3 per year and was significantly associated with a higher prevalence of stroke history (P 5 .02) ( Table 1) .
UIC and Walk-PHaSST
We then performed similar analyses to test for associations between the genetic risk profile and laboratory and clinical phenotypes in SCA patients from the UIC and Walk-PHaSST cohorts. In the UIC cohort, high-risk status was observed in 36.2% (94 of 260) and standard-risk status was observed in 63.8% (166 of 260) of SCA patients. The high-risk category was significantly associated with a higher reticulocyte percentage (P 5 .03) ( Table 2) . No significant association between the genetic risk profile and VOCs $3 per year was observed ( Figure 1A ), whereas a trend for a higher prevalence of stroke history ( Figure 1B ) was observed in high-risk vs standard-risk SCA patients. In the WalkPHaSST cohort, high-risk status was observed in 40.6% (157 of 387) and standard-risk status in 59.4% (230 of 387) of SCA patients. The high-risk group was significantly (P , .05) associated with a lower hemoglobin concentration, a higher reticulocyte percentage, and a higher prevalence of stroke history ( Figure 1B ; Table 2 ), whereas no significant association with VOCs $3 per year compared with standard-risk SCA patients was observed ( Figure 1A ).
Combined analysis
Next, we investigated the association of the genetic risk profile with the laboratory and clinical variables in a combined analysis of SCA patients from the 3 cohorts. Baseline differences between the 3 cohorts are demonstrated in Discussion a-Thalassemia and the BCL11A rs1427407 T variant were both commonly observed in SCA patients from the University of Ibadan. Consistent with the literature, a-thalassemia and the BCL11A rs1427407 T variant were associated with lower WBC counts 10 and a trend for higher hemoglobin concentrations, 11 respectively. When combining the absence of a-thalassemia with the absence of the BCL11A rs1427407 T variant to define a high-risk group of SCA patients, we observed a replicated association of the genetic risk profile with higher reticulocyte percentage and stroke risk in 3 independent cohorts.
Coinheritance of a-thalassemia has been associated with protection against some SCA-related complications, such as acute chest syndrome, leg ulcers, and chronic kidney disease, 4,5 whereas similar rates of VOC and higher rates of avascular necrosis and retinal disease have been observed compared with SCA patients without a-thalassemia. 4, 12 Furthermore, the effects of a-thalassemia on cerebral vasculopathy and stroke risk in SCA patients have been mixed, with some studies showing a protective benefit, 13-18 whereas others have not. 10, [19] [20] [21] In the University of Ibadan cohort of SCA patients, a-thalassemia was commonly observed, but was not associated with a statistically significant reduction in the frequency of SCA-related complications.
The BCL11A rs1427407 T variant has been associated with higher hemoglobin concentrations 11, 22, 23 and may ameliorate SCA-related complications based on composite endpoints, such as all-cause hospitalizations 11, 24 or disease severity scores. 25, 26 However, associations between the BCL11A variants and specific SCArelated complications, such as VOC frequency 11, 27 and stroke, 11, 25 have shown conflicting results. We did not observe a statistically significant reduction in $3 VOCs per year or stroke history with inheritance of the BCL11A T variant in the University of Ibadan cohort. a-Thalassemia (a-/aa or a-/a-), n (%)
106 (43) 96 (37) 125 (32) BCL11A rs1427407 (G/T or T/T), n (%)
116 (47) 116 (45) 159 (41) Values are expressed as medians and IQRs. BMI, body mass index. Stroke history, n (%) 329 57 (17) 567 53 (9) .0002
Values are expressed as medians and IQRs. *P value adjusted for age, sex, hydroxyurea therapy, and site by using linear and logistic regression analysis.
When we combined a-thalassemia and BCL11A rs1427407 T variant status into a genetic risk profile, we observed a significantly higher proportion of SCA patients with stroke history and trends for higher reticulocyte percentage and VOCs $3 per year in SCA patients categorized as high risk vs standard risk. When testing these associations in 2 other independent cohorts of SCA patients, one representing an urban center in the United States (UIC) and the other representing a multicenter cohort of SCA patients selected for suspicion of having pulmonary hypertension from the United States and the United Kingdom (Walk-PHaSST), we were able to replicate the association of this genetic risk profile with reticulocyte percentage and stroke history. We could not replicate the association with VOCs $3 per year observed in the University of Ibadan cohort in the UIC or Walk-PHaSST cohort, and this may be due to differences in environmental factors or prevalence of the use of hydroxyurea therapy. In combined analysis of the 3 cohorts, the genetic risk profile had a strong association with markers of hemolysis and identified SCA patients at a twofold increased risk of stroke.
The association of a hemolytic genetic risk profile with stroke history emphasizes the hemolytic role in the pathophysiologic process of cerebral vasculopathy. Mechanisms for how increased hemolysis may lead to cerebral vasculopathy and stroke include reduced nitric oxide bioavailability, leading to increased vascular resistance 28 and upregulation of vascular adhesion molecules (eg, VCAM1, E-selectin), 29 more severe anemia in the setting of impaired cerebrovascular reserve capacity, 30 and increased coagulation activation. 31, 32 Our findings are also consistent with other investigators that have demonstrated that a lower hemoglobin concentration is a risk factor for stroke 33 and that elevated markers of hemolysis are independently associated with increased transcranial Doppler velocities 13 and silent strokes. 34 There are several limitations to our study. First, this was a crosssectional study, and differences in stroke history may have been subject to survival bias. Stroke history was determined by clinical history and was not confirmed by a clinical assessment tool or by magnetic resonance imaging or magnetic resonance angiography findings and, this may have led to a detection bias and excluded silent infarcts from this analysis.
In conclusion, a genetic risk profile incorporating 2 common variants that influence the degree of hemolysis (a-thalassemia) and HbF levels (BCL11A rs1427407 T variant) may improve our ability to identify SCA patients who are at elevated risk for stroke. Our findings are a first attempt at a proof-of-concept for a genetic risk profile in SCA and demonstrate the potential to be important clinically. Our cohorts included older adolescents and adults, and future studies of children that investigate the association of this genetic profile with transcranial Doppler velocities and integrate this risk profile with transcranial Doppler velocities to predict stroke risk may help focus screening practices. Future studies prospectively evaluating whether this genetic risk profile can detect SCA patients with a higher risk of stroke may also help prioritize hydroxyurea therapy and transfusion strategies, particularly in low-resource areas.
